After initial learning, a one-finger key stroke sequence, defined by a specific relative timing pattern (temporal structure) and absolute total movement time (temporal parameter), was practiced (with KR provided) (Blischke & Reiter, 2002) , but they are well in line with the concept of developing cognitive strategies for "Integrated Task Processing" (Manzey, 1993). Thus, impact of dual-task practice on motor sequence production may be different from that on motor parameter control. In this context, implications of recent findings from neuropsychology on cortical systems engaged in the pursuit of concurrent behavioural goals (cf. Charron & Koechlin, 2010) are discussed.
Introduction
Even though different phase models of motor skill learning exist, they all agree on the fact that with sufficient practice, movements initially under cognitive control will eventually become automatized (Müller & Blischke, 2009 ). Examples from everyday life include gear shifting and simultaneously operating the clutch while driving a car, complex finger-movement sequences in playing musical instruments, specific swimming techniques, or a tennis-serve. Planning and execution of such originally "voluntary" movements, although still dependent on the general intention to act, eventually happens mostly on an unconscious level and almost without any effort. Automatized skills in particular do not require detailed attention any more, and thus, reduce processing demands on working memory considerably. In addition, they cannot be easily disturbed, which is also expressed by the absence of performance decrements usually observed in dualtask situations. Therefore, in experimental research, reduction or elimination of dual-task costs is generally considered as evidence of an increase in automaticity.
two tasks being processed in parallel will easily interfere with each other, while the same two tasks processed by different modules of the non-cognitive system will neither interfere with each other, nor with anything else processed simultaneously by the cognitive system. Dual-task practice: Integrated task processing or structural displacement?
Using the same criterion-task applied by Blischke (2001) , and single reaction time (SRT), as well as choice reaction time probes (CRT) for secondary tasks, in a follow-up study Blischke and Reiter (2002) replicated the above findings. Looking at the results of this important follow-up study, the authors could, at least for this specific motor task, rule out an alternative explanation of dual-task cost reduction in the course of practice. The concept in question, known as "integrated task processing" (ITP), has been advocated by Manzey (1988; 1993) , and was corroborated by the same author using perceptual-cognitive and motor tasks of several minutes' length. According to the ITP concept, reduction of dual-task costs is inescapably linked to practicing primary-and secondary-tasks simultaneously. As Manzey argues, this allows subjects to functionally uncouple the two tasks to be processed in parallel. At the same time, they are able to circumvent structural conflicts in the central processing stage (e.g., task prioritization with respect to response-selection/initiation; cf. Pashler & Johnston, 1998) by developing appropriate strategies of task-switching and internal grouping of events. However, according to Manzey, automatization of task control in the same sense as defined above, does not take place, because the ITP strategies are always specific to the very task combination being practiced simultaneously. Strategies of integrated task processing cannot be "taken along" in case one of the two tasks practiced simultaneously before is transferred to another, new dual-task context. In this case, dualtask costs reduced through dual-task practice before ought to reappear to their full extent.
However, contrary to these predictions arising from Manzey's ITP-concept, results from the study by Blischke and Reiter (2002) showed that dual-task costs still clearly present in the short, ballistic CMJtask after termination of the first stage of dual-task practice (i.e., CMJ-task plus SRT-task), were completely eliminated, when a new, more difficult secondary task (the CRT-task) was introduced. While this result is well in line with the notion of structural displacement, it contradicts the concept of integrated task processing. At the same time, the amount of practice necessary to eliminate dual-task costs in this experiment by practice under DTC (240 trials), turned out to be considerably smaller than the number of practice trials required under STC (2400 to 3200 trials) in the study by Blischke (2001) .
Dual-task practice and automatization of motor sequences
This raises the question, if dual-task practice, in general, might be suitable for reducing the typically inordinate numbers of repetitions required to effectively reach automaticity in motor skills. It is, moreover, of particular interest, if dual-task practice is also effective in the automatization of structural features of motor skills. The structure or "pattern" of a movement may be defined by certain spatio-topological features, by the type and sequence of the different elementary movements forming the skill at hand, and/or by the invariant temporal relations of those elementary movements (i.e., their relative timing). Handwriting, for instance, comprises all of these components. Many skills in sports, in the vocational domain, and in every-day activities are actually determined by invariant sequential patterns, which make them an important field of application for automatization routines. Thus, the purpose of the present study was to examine the generalizability of automatization of movement sequences by dual-task practice.
In a first attempt to answer this question, Blischke, Zehren, Utter and Brueckner (in press) had two groups of subjects practice a temporally structured one-finger key-stroke sequence (KSS) under dual-task conditions. One group performed the KSS in parallel with a number calculation task (the SUBTR task), and the other did so simultaneously to sorting marbles with the other hand (the SORT task). After 800 practice trials, dual-task costs initially present in both groups had completely disappeared. However, they re-emerged (especially with respect to the relative timing of the KSS), during a final retention test, when the experimental group was either switched to the other group's secondary task, or when a new secondary task (repeating numbers, the N-Back task) was introduced. While, according to Manzey's ITP-concept, these results can be accounted for by integrated task processing, they clearly speak against any automatization of the KSS on account of structural displacement (SDP).
However, certain methodological features inherent in this recent experiment may have biased subjects to develop ITP, than to allow for SDP: In the KSS, keeping to a specific relative timing and simultaneously controlling for total movement time may involve less "motor" functions than force production in the CMJ, thus causing the cognitive system to actively supervise the "time-counting" process for each inter-tap interval as long as it possibly could. Considering this, practicing the KSS routinely (i.e., for 800 trials) in one consistent DTC, may provide just the amount of context-regularity necessary for our subjects to gradually work out the appropriate cognitive strategies of ITP. Following this line of reasoning, a drastic increase in the general level of chance and uncertainty in the stream of up-coming events in the DTC, then should disrupt consolidation of any task-switching or grouping strategy specific to a certain task combination, thus effectively preventing subjects from establishing any regular routines of ITP.
The present study: rationale and design
The present study was designed to test exactly this assumption. By alternating two different secondary-tasks every 20 trials in the dual-task practice condition, and thus, increasing context-uncertainty considerably, ITP should be largely suppressed in participants subjected to this experimental condition. If this measure was successful, at the end of dualtask practice, any dual-task costs initially present should either be eliminated and stay absent even when a third, new secondary-task is introduced, or they should still be present even in those dual-task conditions that were practiced before. The first of these two possible outcomes, then, could be taken as proof for SDP. The second alternative, however, would seriously challenge the idea of relative timing in movement production being amenable to automatization at all. In order not to obscure any possible experimental findings following this increase in context-uncertainty by simultaneously changing other experimental variables, all secondary-tasks implemented in the study presented here were identical to those used in the previous experiment. This allowed for direct comparison of the results of both studies. Also, the present study incorporated a single-task practice group, thus providing a baselinemeasure of dual-task cost reduction in the KSS under different practice conditions. 
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Method
Subjects
Fifteen women and 13 men, aged 19 to 37 years (M = 24.6; SD = ± 2.6) participated in this study. Of these, three subjects were left-handed. All 28 subjects were naïve with respect to the criterion task. Subjects were randomly assigned to an experimental group (EG; n = 14) and to a control group (CG; n = 14).
Tasks and Apparatus
Primary task: The primary task in this experiment was a temporally structured key stroke sequence (KSS; visual-manual), performed on the square numberfield of a regular computer key board. Starting from a waiting position following a visual "go"-signal, four number keys (2, 4, 8 6) had to be pressed, one after another, with the index finger of the non-dominant hand. Subjects then immediately returned their finger to the waiting position. The number-field was displayed on a computer screen, with the next key to be pressed always highlighted until the action was executed. A trial was completed only after all four number keys were pressed in the correct order. After one trial was finished, the "go"-signal for the subsequent trial always followed three seconds later. There were two learning criteria: the required Total Movement Time (TMT) of 2400 ms, and the Temporal Pattern (TP) of the sequence, which was defined by the three inter-stroke intervals amounting to 10%, 30%, and 60%, respectively, of the actual over-all duration of the sequence. Dependent measures (DM) were total Percentage of Deviation (PD [%]) from the TP-criterion (calculated as the sum of absolute deviations from each interval criterion %-value per trial), and Absolute Error (AE [ms]) with respect to the TMT-criterion. Subjects were instructed to give equal priority to both learning criteria throughout the experiment. In feedback conditions, KR was provided visually after every other trial. KR consisted of two horizontal bars, each divided into three differently coloured segments. The information was presented on the screen below the number-field display. The top bar always represented the previous trial with respect to TMT (overall length of bar) and TP (relative length of its three segments), while the bottom bar represented the respective target values. The software for primary task presentation and data acquisition was implemented on a PC 486 equipped with a Windows-98 operating system.
Secondary tasks:
Three different secondary tasks were incorporated: subtracting numbers (SUBTR; auditory-vocal), sorting marbles (SORT; tactile-manual), and repeating letters (N-Back; auditory-vocal).
• In the SUBTR task, subjects were acoustically presented with pairs of two-digit numbers in a random order. Numbers in each pair were announced one second apart, each pair of numbers followed by a three second pause. Numbers ranged from 10 to 99, the first in a pair always being the larger one. However, numbers in each pair were never spaced more than nine figures apart. Subjects had to quietly subtract the numbers in each pair, and call out either "Ja" ("yes") when the difference was ≥ 5, or "Nein" ("no") when it was < 5. A (wrong) answer could be corrected within the three-second interval. As DM, frequency [h] of incorrect decisions plus omissions was registered.
• In the SORT task, marbles of different size and material (small/glass; medium/rubber; large/wood) were selected at random by the experimenter and placed into a bowl, one by one, every three seconds. Subjects then picked up each marble with their dominant hand and placed it into one of three assigned target-bowls according to its characteristics. All bowls were precluded form subjects' sight by a dividing screen. As a DM, the number [h] of marbles placed in the wrong bowl was registered for each subject.
• The N-Back task is a continuously delayed response task (CDRT): From a continuous stream of letters presented auditorily, subjects were to vocally repeat always the second last letter, as soon as they heard a new letter being announced ("1-back-task"). Following a vocal start signal, letters were presented every three seconds by a computer. The 26 letters of the German alphabet were arranged into random samplings ("lists"). Whenever one list was completed, or a wrong letter was called out, a new list was presented. Again, frequency of errors plus omissions [h] was registered as DM. Both the SUBTR and the N-Back secondary tasks differed from the KSS task (i.e., the primary task) in all dimensions relevant to information processing (i.e., stimulus modality: auditory vs. visual; processing code: verbal vs. (spatio)-temporal; response modality: vocal vs. manual). Therefore, any dual-task interferences observed for the above mentioned task pairings may be attributed to conflicts arising in the domain of generic central processing stages (namely response selection and response initiation), if and as long as both primary and secondary tasks are under cognitive control (Wickens, 2008) . However, the SORT secondary task and the KSS task share the same manual response modality, which allows for additional, effector-specific conflicts ("response code overlap"; cf. Koch, 2009 ). This kind of structural interference is assumed to be peripheral rather than central in nature, and may possibly not be eliminated, even by extensive practice (Heuer, 1995) .
Design and Procedure
On day 1, after having been familiarized with task-specific requirements, procedures and the apparatus, subjects performed one block of ten trials for the KSS task (TP: 10%, 30%, 60%; TMT: 2400 ms) in a single-task condition (STC) with KR provided on every second trial ("initial learning"). Then, after a ten-minute pause, subjects underwent a Pre-test. This consisted of one block of 20 trials of the KSS task in STC (no KR), followed by two blocks of 20 trials each in dual-task condition (DTC; no KR), one comprised of the KSS and SUBTR tasks (DTCSUBTR), the other comprised of the KSS and SORT tasks (DTCSORT), respectively. The sequence of DTC-blocks was counterbalanced across subjects in each group with respect to type of secondary task. The Pre-test was finished by two more blocks of 20 trials each of the SUBTR-task and the SORT-task, now under STC (no KR). Every two trial-blocks were separated by a five minute break.
After ten more minutes subjects started practicing the KSS in four consecutive blocks of 100 trials each (KR provided; ten-minute break between block two and three). While the CG practiced the criterion task under STC, the EG was subjected to dual-task practice, with secondary-tasks (SUBTR and SORT) changing every 20 trials. On the next day (day 2), both groups practiced the KSS for another 400 trials following the same procedure. 24 hrs later, on day 3, subjects underwent the Post-test. Here, subjects first performed two blocks of 20 trials each (no KR) in the DTCSUBTR and the DTCSORT (order counterbalanced again across subjects in either group), followed by another block of 20 trials (no KR) that consisted of the KSS and the N-Back task in a new dual-task context (DTCNB). Finally, four STC-blocks of 20 trials each (no KR) were executed in the KSS, the SUBTR, the SORT, and the N-Back task. For all DTCs subjects were urged to give equal emphasis to both the primary and the secondary task.
Statistics
For inferential statistics, One-way, Two-way, and Three-way ANOVAs were run. Whenever repeated measures factors were incorporated, in case of violation of the sphericity assumption, df-correction according to Huynh-Feldt was applied. There were neither missing values in our data, nor any necessity to correct for outliers. A significance level of p < .05 was used for all inferential statistics. All calculations were conducted with SPSS-PC, version 15.0.
Results
Primary task: temporal pattern (TP)
Initial situation: As for the TP (i.e., the structural component of the primary task), initial learning (KR provided) yielded similar results in both groups (EG: M = 27.70, SD = 11.98; CG: M = 26.18, SD = 6.55). With respect to Pre-test data (no KR; see Thus, with respect to the PD from TP-criterion, dual-task costs found initially in both groups during Pre-test (No-KR condition), when the key-stroke sequence was carried out in parallel with either number subtraction or sorting marbles, were still observable after extensive single-task practice (with KR) during Post-test (No-KR condition) in the CG, but completely disappeared in the EG after extensive dual-task practice of both task combinations (with KR). At the same time, introduction of a new cognitive secondary task during Post-test caused significant dual-task costs in both groups. 
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Primary task: total movement time (TMT)
Regarding TMT (i.e., the parameter component of the primary task), initial learning (KR provided) again yielded similar results in both groups (EG: M = 300.45, SD = 128.89; CG: M = 345.59, SD = 104.48). With respect to the Pre-test -Post-test data (no KR), however, statistical outcomes related to TMT deviate from the TP-results in two respects (Table 2) 
Secondary tasks
Performance data of the three secondary tasks (SUBTR: subtracting numbers; SORT: sorting marbles; N-Back: repeating letters) are reported in Table  3 . Pre-test secondary-task data was subjected to a 2 x 2 x 2 ANOVA (factors "Group" [EG; CG] ["Group" x "Test cond"] (1, 26) = .036, p = .852). These dual-task costs with respect to secondary task performance completely carried over to Post-test in the CG, as a 3 (secondary tasks) x 2 (test conditions) ANOVA calculated for the Post-test secondary task data of that group indicated (FCG ["Test cond"] (1, 13) = 9.924, p = .008, η 2 p = .433; no further significant results). In the EG, the same 3 x 2 ANOVA yielded significant results for both the main effect "Test condition," as well as for the interaction (FEG ["Test cond"] (1, 13) = 6.783, p = .022, As the respective between-subjects comparisons confirmed, in this case dual-tasking provoked performance deteriorations during Post-test, only for the newly applied NBack task, but not for those that were practiced before in parallel to the key-pressing sequence. 
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Discussion
Does dual-task practice differentially affect temporal sequence and parameter control?
Primary-task performance in both groups (EG & CG) improved significantly from Pre-to Post-test in the No-KR condition under DTC, as well as (with respect to the TP) under STC. Improvements under STC indicate that the temporal sequence structure was learned equally well in both groups. Dual-task costs were initially present in both groups and for both learning criteria (TP and TMT) in the No-KR Pre-test condition. In the CG, in spite of general performance improvements, these dual-task costs did not decrease after single-task practice. On the other hand, in the EG dual-task costs completely vanished with respect to those primary-secondary-task combinations that were practiced alternately before. Accordingly, elimination of dual-task costs can be entirely accounted for by the treatment condition specific to the EG (i.e., dual-task practice). In this group, however, dual-task costs re-appeared at their full extent with respect to the TP of the KSS, when a new cognitively demanding secondary task (the N-Back task) was introduced in the Post-test, while TMT performance remained unaffected by this change of dual-task context.
These mixed results are difficult to be reconciled with either of the two mutually exclusive explanatory concepts (Blischke, 2001; Manzey, 1988) referred to in the introduction. Although the experimental apparatus in the present study does not allow for temporal micro-analyses, thus precluding any direct evidence of intra-trial task-switching or grouping strategies, the TP results can be interpreted best in the context of Integrated Task Processing (ITP): Complete elimination of dual-task costs follows dual-task (EG), but not single-task practice (CG), and is strictly restricted to the DT context(s) experienced during practice. These findings seem to rule out generic central processing mechanisms being gradually relieved from relative timing (i.e., temporal sequence control) in the course of (dual-task) practice. TMT results, on the other hand, can best be explained in the context of Structural Displacement (SDP): The fact that there was no re-appearance of dual-task costs in the EG for the temporal parameter variable when the dual-task context was changed during Post-test, definitely contradicts ITP, and suggests the temporal task parameters are no longer supervised by any cognitive processing mechanisms (e.g., working memory) at the end of (dual-task) practice.
The apparent conflict in these contradictory lines of interpretation deduced from the results of the present study may be resolved, however, considering the following explanations. 
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Sequential movement patterns yield precedence to cognitive control
Learning, in the present study, took place explicitly and involved declarative knowledge. Also, both the criterion movement, as well as all of the secondary tasks used in this experiment, were sequentially structured. This made them especially apt for subjects resorting to strategies of integrated task processing. According to hierarchical control models (e.g., Meyer & Kieras, 1997) , this would imply a continuous need for strategic decisions, thus getting the executive control level (i.e., some kind of "general purpose" processor) heavily involved. Dual-task costs initially observed in both groups, then could be attributed to the choice of conservative forms of task prioritization, response grouping and task switching, all aimed at minimizing errors, but still working insufficiently at this early stage. More practice was required to improve task control in general, but only dual-task practice also served to facilitate such strategies of executive control, and did so -unexpectedly -even in the light of alternating dual-task context every 20 trials. In line with Manzey's concept of Integrated Task Processing, this would explain reduction of dual-task costs in the EG (but only for the task combinations practiced), while lack of any dual-task practice prevented subjects in the CG from improving this kind of executive functions for simultaneous pursuit of primary and secondary tasks.
Triple-task demands overload the frontopolar executive control system
In the present study, the criterion movement in each trial required subjects to meet two learning goals at the same time: (a) produce the requested temporal pattern, and (b) match the required total movement time. Thus, the criterion task, in itself, already incorporated a dual-task structure, and the dualtask conditions in the present experiment actually imposed triple-task demands on our subjects. We argue that it might be these facts, in conjunction with some new findings from neuropsychology, that could account for the disparity in the Post-test EG results regarding TP and TMT: While the cognitive executive-level functions referred to above were physiologically attributed to frontal associative brain structures previously, only recent characteristic features of this system, with respect to multitasking behaviors, were established (cf. Charron & Koechlin, 2010) . Most importantly, these authors point out that the human frontal function seems "limited to accurately driving the pursuit of two concurrent goals at one time" (ibid., p. 363). More specifically, the medial frontal cortex (MFC), as well as the dorsal anterior cingulate cortex and pre-supplementary motor area, bilaterally drive single-task performance, but divide for disentangling and concurrently driving two independent tasks (dual-task performance). In this latter case, the anterior prefrontal cortex (APC, also: "frontopolar cortex", i.e., the anterior-most part of the frontal lobes) and lateral prefrontal cortex both subserve cognitive branching. Thus, they allow for the temporary maintenance of one task in a pending state during the performance of the other task, and integrate rewards expected from either of the two concurrent tasks in order to establish the most appropriate strategic decision(s) with respect to task prioritization. Despite their involvement in dual-task performance, and different from MFC, dual-task situations revealed no functional dichotomies in these frontopolar brain regions. Thus, Charron and Koechlin (2010) argue "that these regions in both hemispheres jointly control the serial execution of tasks rather than processing them independently" (ibid., p. 363). Also, when a triple-task condition was introduced, subjects in the Charron and Koechlin (2010) study showed increased error rates only when returning to the pending tasks. That is, because there are just two medial frontal cortices, each able to take responsibility for processing one task only, the APC (i.e., the human cognitive-volitional system) cannot effectively coordinate more than two sequentially structured tasks simultaneously.
Considering this, we argue that subjects in the EG during each trial block of dual-task practice (but actually always handling a triple-task ) predominantly gave preference to the two sequential components (i.e., the TP of the primary task, and the respective secondary task), while at the same time, more or less, disregarding the primary task's parameter component (i.e., TMT). Control of TMT was gradually shifted to some slow-learning, non-cognitive mechanism (a "special purpose" processor in terms of hierarchical control theory), possibly to be associated with cerebellar functions, since the cerebellum is thought to play a prominent role in movement adaptation and automated parameter control (cf. Doyon et al., 2009 ). This would account for poor TMT-learning measures in the EG, and could also explain why dual-task costs did not reappear for the temporal parameter component in this group when a new secondary task (N-Back) was introduced. Hence, the seemingly mixed behavioral results in the EG could be readily explained by an interplay of Integrated Task Processing (with regard to TP) and Structural Displacement (with regard to TMT). In the CG, the cognitive system would have maintained control of both primary-task components (i.e., relative timing and overall sequence duration) throughout all single-task practice, with subjects developing effective strategies of ITP, which did well even for the No-KR single-task retention trials during Post-test. These strategies in the CG-subjects became inadequate, however, as soon as any one of the experimental dual-task contexts was introduced, because this always enforced concurrent cognitive control of an additional third task, and neither of the primary-task components were automatized in the course of single-task practice so far.
Conclusion
Summing up the results of the present experiment, dual-task practice, incorporating a temporally structured motor primary task and cognitively demanding secondary tasks, did not result in automatic control of the primary task's relative timing (i.e., its temporal pattern). Instead, as indicated by complete reduction of dual-task costs only for those task combinations which were practiced, implementation of integrated task processing strategies was supported. At the same time, there was some evidence for concurrent automatization of the primary task's overall duration parameter, possibly due to structural displacement, which in turn may have compromised the parameter learning rate. These results clearly contradict findings from earlier experiments, incorporating a dynamic force parameter production skill as a primary task (Blischke, 2001 ). While the CMJ task was essentially ballistic in nature and required subjects to control only one movement parameter (i.e., vertical acceleration impulse), the keypressing task in the present study not only was sequentially structured, but also demanded simultaneous control of two dependent measures (i.e., TP and TMT). Thus, the sequential structure of both primary and secondary tasks in the present experiment may have favored involvement of cognitive control mechanisms associated with systematic activation of prefrontal cortical structures. This may actually have prevented automatization of temporal pattern production in the EG, confining processes of structural displacement to the primary task's temporal parameter component only. So at present, it remains to be seen if sequentially structured motor skills are amenable to automatization by dual-task practice at all. Future experiments will have to clarify this issue.
